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Abstract

Using the RXTE PCA we discovered deep dips in the

X-ray light curves of the black-hole candidates GRO J1655—-40

and 4U 1630—47 during outburst. Similar kind of dips for
GROJ1655—40 were found in 90s measurements of the
RXTE ASM during the same outburst. The duration of
the dips in both sources is in the order of minutes. The
occurrences of the dips observed with the RXTE PCA
and ASM in GRO J1655—40 are consistent with the opti-
cally determined orbital period, and were found between
photometric orbital phases 0.72 and 0.86. This consti-
tutes the first evidence for orbital variations in X-rays
for GROJ1655—40. The PCA data indicate that an ab-
sorbing medium is responsible for these dips. The X-ray
spectra during the dips can be best described by a heav-
ily absorbed component and an unabsorbed component.
In the case of GROJ1655—40 we are able constrain the
extent of the absorbing medium and the central X-ray

source.
Subject headings: accretion, accretion disks — binaries: close

— stars: individual (GRO J1655—40, 4U 1630—47) — black
hole physics — X-rays: stars

1. Introduction

X-ray intensity dips caused by an intervening medium
have now been found in the light curves of various
low-mass and high-mass X-ray binaries (e.g., Parmar &
White 1988, Marshall et al. 1993, Saraswat et al. 1996,
and references therein). During the majority of these dips
the X-ray spectra harden, which is indicative of photo-
electric absorption of radiation from the central X-ray
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source. However, a simple neutral and uniform medium
which absorbs the emission does not fit the X-ray spectra.
Instead, the spectra reveal an excess flux at low energies
(typically g4keV) compared to that expected from the
amount of absorption estimated from data above ~4keV.

In this paper we report on such dips seen in the X-
ray light curves of the black-hole (candidate) soft X-ray
transients GROJ1655—40 and 4U 1630—47 during their
1996/1997 and 1996 outbursts, respectively, as obtained
with the Proportional Counter Array (PCA) and the All
Sky Monitor (ASM) on board the Rossi X-ray Timing
Ezplorer (RXTE).

GRO J1655—40 was discovered during an outburst in
1994 and has since shown irregular outburst activity
(e-g., Zhang et al. 1997). Dynamical measurements sug-
gest the compact star in GROJ1655—40 is a black hole,
with a mass of ~7Mg (Orosz & Bailyn 1997, van der
Hooft et al. 1997). Recently, Ueda et al. (1997) found
evidence for a ~5.7hr dip down to ~25% of the out-of-
dip intensity in the ASCA light curve of GRO J1655—40,
with no clear evidence of spectral hardening. The X-ray
dips reported here are considerably deeper (down to ~8%
of the out-of-dip intensity) and have much shorter dura-
tion (~minutes). A preliminary announcement of the
dips in GROJ1655—40 observed by RXTE has already
been given by Kuulkers et al. (1997c).

4U 1630—47 has shown outbursts every ~600 days
since at least 1969 (e.g. Kuulkers et al. 1997b). The
nature of the compact star in 4U 1630—47 is unknown.
Its X-ray spectral (e.g. Barret, McClintock, & Grind-
lay 1996) and X-ray timing (Kuulkers, van der Klis &
Parmar 1997a) properties during outburst suggest it is
a black-hole. Recently, Kuulkers et al. (1997a; 1997b)
pointed out similarities in the X-ray behavior between
4U 1630—47 and GROJ1655—40, and postulated that
they are similar kind of systems.

2. Observations and Analysis

The RXTE PCA (Bradt, Rothschild, & Swank 1993)
performed a public Target of Opportunity Observations
of 4U 1630—47 on 1996 May 3 20:49-22:41 UTC, and of
GROJ1655—40 on 1997 February 26 19:34-23:30 UTC.
The data were collected with a time resolution of 16s
(129 photon energy channels, covering 2.0-60keV) and
125 ps (3 energy channels, covering 2.0-5.0-8.7-13.0keV).
The 16s data were used in the X-ray spectral analysis.
From the high time resolution data we constructed light
curves by rebinning the “raw” (i.e., not corrected for dead
time) background subtracted count rates to a time reso-
lution of 0.25s, and hardness values using count rate ra-
tios binned to a time resolution of 0.25s (GRO J1655—40)



or 0.5s (4U1630—47). All X-ray spectral fits were per-
formed in the range 2-30keV (out of dip) or 2-20keV
(dip), and a 2% uncertainty was included in the data
to account for uncertainties in the PCA response ma-
trix (see e.g., Belloni et al. 1997). The X-ray spectra
were corrected for background and dead time. Errors
quoted for the spectral parameters were determined us-
ing Ax2=2.706 (90% confidence).

The ASM (Levine et al. 1996) on board RXTE scans
the sky in series of 90s dwells in three energy bands,
1.5-3, 3-5, and 5-12keV. Due to satellite motion and a
~40% duty cycle, any given source is scanned 5-10 times
per day. For our analysis we used the results provided
by the RXTE ASM team, covering the period from 1996
February 21 to 1997 Jun 19.

3. Results

3.1. Intensity and hardness variations
The 2.0-13.0keV count rates of GRO J1655—40 and

4U 1630—47 were generally ~11 500 ctss~! and ~3000 ctss—!

respectively. However, both sources showed sharp deep
drops in their count rates down to ~1000 cts s~1, lasting
~50-60s for GRO J1655—40 (two events), and ~140s for
4U 1630—47 (one event), preceded and followed by short
dips (Fig. 1, upper panel). We will refer to the out-of-dip
count rate as the “persistent emission” (PE).

The fall time scales of the main dips of GRO J1655—40
are 2-4s, while the rise time scales are 3-5s. The hard-
ness curve (Fig. 1, lower left panel) and corresponding
hardness vs. intensity diagram (HID, Fig. 2, upper panel)
of GROJ1655—40 show that as the intensity drops the
X-ray spectrum becomes much harder, until a certain
threshold count rate of ~2000ctss=! is reached. Dur-
ing the last part of the fall the spectrum softens again
to almost the same value as the PE level. The reverse
behaviour is seen during the rise of the dips. In the HID
the source always follows the same loop, also during the
small pre- and after-dips and during the short spike in
the second dip.

The fall and rise time scale of the main dip of 4U 1630—47

are ~3s. During its main dip several small flares oc-
curred. The light curve and hardness behavior (Fig. 1,
lower right panel; Fig. 2, lower panel) of 4U 1630—47 re-
sembles that of GROJ1655—40. Below a certain thresh-
old count rate the hardness is positively correlated with
intensity. However, the change in hardness between the
persistent and threshold count rate is much smaller than
that observed in GROJ1655—~40. Below the threshold
count rate the hardness drops below the persistent value.

In Fig. 3 we plot the RXTE ASM light curve of the

individual 90s dwells for GRO J1655—40. 12 clear drops
in the 2-12keV intensity can be seen down by ~25-95%.
During these dips the spectral hardness increases. The
occurrences of the ASM and PCA dips (Table 1) are best
fit with a period of 2.621320.0005 days (1¢). All these
dips occurred between photometric orbital phases 0.72
and 0.86 (Table 1).

3.2. Energy spectra

We constructed a series of ~200sec X-ray spectra just
outside the dips, and individual 16 sec spectra at the bot-
tom of the dips. Because of the 16s time resolution we
could not accumulate spectra during the rise and fall of
the dips. The average count rates during the dip spectra
are all below the threshold count rate.

Fits to the PE with simple single-component models
did not give acceptable results. We therefore used the
model usually employed for black-hole candidates, ie.,a
disk-black body (DBB) plus a power law (Mitsuda et al.
1984), which gave values of x2<2. Using the mean spec-
tral fits (Table 2) we find that the persistent 2-30keV
X-ray flux was ~2.5x10~8 and ~5.8x10"%ergcm~2s~1,
for GROJ1655—40 and 4U 1630—47, respectively.

The spectral hardening between the PE count rate
and the threshold value suggests that absorption is in-
volved in the process giving rise to the dips. To verify
this, we also made color-color diagrams (CDs, see Fig. 3).
The data points for the two sources during the dips move
from the crowded regions (PE) to the upper right part
and then bend back to the lower left part of the CD (in
the case of 4U 1630—47 the data points bend back al--
most immediately). The bend-over point corresponds to
the threshold count rate. We also plotted the calculated
hardness values for the DBB and power-law component
separately for a range of values of the inner disk tempera-
ture, Ti,, and of the power-law index, ', with interstellar
absorption column density, Ny,_,, fixed to the persistent
value (dashed lines in Fig. 2). With our choice of hard-
ness ratios any linear combination of the two components
has to lie between these two lines. Only in the CD of
GROJ1655—-40 part of the loop lies below the DBB line;
this requires an increase in the absorption column.

Homogeneous absorption of the persistent DBB and
power-law components by cold material did not fit the
dip spectra well, especially at low energies. The observed
flux below ~6keV is much in excess from that expected
in this model. We performed simple fits to the spectra
by modelling this low energy excess either as a separate
component (power law or black body), or by partial ab-
sorption of the persistent components (e.g. Marshall et al.
1993). We find that the persistent power-law component



is absent during the dips. We focus on the fit results to
the spectra at the bottom of the dips (Table 3) to inves-
tigate the low-energy excess, since there the absorption
is expected to be largest. We fixed Ny,,, to the values
derived from the PE fits, except when using the par-
tial covering absorption model for 4U 1630—47 because
this lead to an unstable fit. When using a power law to
model the low-energy excess plus an absorbed DBB for
the dip spectrum of 4U 1630—47, the inner disk radius,
Rin, could not be constrained and was, therefore, fixed
to its PE value.

The fits show that the shape and strength of the low-
energy excess is very similar for both sources, and its
contribution is only 6-7% of the PE flux. When the
low-energy excess is modeled as a separate component,
the DBB parameters are consistent with the PE values.
When a partial covering model is used to describe the
spectra, we get somewhat lower values for T}, with re-
spect to their PE values. Depending on the model we find
that the absorption of the DBB component increased up
to ~25-200x 1022 and ~35-300x 10?2 cm~2 at the lowest
mean dip intensities in GRO J1655—40 and 4U 1630—47,
respectively.

To see if we can qualitatively reproduce the observed
shapes of the HID and CD, we calculated several se-
quences of X-ray spectra and determined intensity and
hardness values. The out-of-dip spectrum was modeled
by the persistent DBB component (only subject to in-
terstellar absorption) as given in Table 2, plus the low-
energy excess contribution modeled by a black body, as
given in Table 3. In the dip we linearly increased the
absorption of the persistent DBB component from zero
up to 150 and 300x1022cm~2, for GROJ1655—40 and
40U 1630—47 respectively, fixing the rest of the parameters
to those given by the out-of-dip spectrum. The results
are plotted in Fig. 2, and show that a gradual increase
in absorption of the DBB component can reproduce the
observed dip behavior.

4. Discussion

4.1. RXTE PCA and ASM dips

We have discovered short-term (~minutes) X-ray dip-
ping behaviour of GRO J1655—40 and 4U 1630—47, down
to ~8% and ~30% of the out-of-dip intensity, respec-
tively. We found similar intensity drops in GRO J1655—-40
during 90s measurements with the RXTE ASM. The du-
ration of the dips is of the same order of those found in
Cyg X-1 and Her X-1 (e.g., Kitamoto et al. 1984, Leahy
1997), but is shorter than typically seen in LMXB dip
sources (e.g., Parmar & White 1988).

The best fit period of the occurrence of the dips ob-
served in GROJ1655—40 is consistent with the optical
period of the system (Orosz & Bailyn 1997, van der
Hooft et al. 1997). This therefore constitutes the first
evidence of the orbital period in GROJ1655—40 in X-
rays. All these dips occurred between photometric or-
bital phases 0.72 and 0.86. We note that the X-ray dip
in GROJ1655—40 seen with ASCA (Ueda et al. 1997)
occurred near photometric orbital phase 0.6. The phas-
ing of the occurrence of the X-ray dips is very similar to
that observed in the low-mass X-ray binary dip sources
(e.g., Parmar & White 1988), which suggests a similar
origin for the cause of the dips. The inclination of such
sources which show only dips and no eclipses are in the
range 60-75° (e.g., Frank , King & Lasota 1987). The
inclination inferred for GRO J1655—40 (Orosz & Bailyn
1997, van der Hooft et al. 1997) is in agreement with this.
Since the dip behavior of 4U 1630—47 is so similar to that
seen in GROJ1655—-40, we propose that 4U 1630—47 is
also seen at a relatively high inclination, i.e. 60-75°.

4.2. An absorbing medium

The observed dips are caused by an intervening medium
absorbing the out-of-dip (persistent) emission (PE). A
simple neutral and uniform medium which heavily ab-
sorbs the PE, however, does not describe the spectra
during the dips very well. The dip spectra can be best de-
scribed by a heavily absorbed persistent component, plus
a low-energy component which typically appears below
~6keV. Such an extra low-energy component has also
been reported by Ueda et al. (1997) in GROJ1655—40
during their dip observed with ASCA, and has been seen
during dips and eclipses in other low-mass and high-
mass X-ray binaries (Sect. 1). We modeled this so-
called low-energy excess as a power law or a black body
(subject only to interstellar absorption), or alternatively
by partial covering absorption of the persistent compo-
nents. We find that the maximum absorption of the
persistent components at the bottom of the dips (~25-
300x10?2cm™2) is comparable to that found during the
long dip in GRO J1655—40 observed with ASCA (Ueda
et al. 1997) and the bottom of deep dips and/or eclipses
of other binaries.

Several models have been proposed to explain the low-
energy excess during dips and/or eclipses (e.g., Marshall
et al. 1993). These include either a separate component
which is not affected by the variable heavy absorption,
or partial covering by a clumpy medium. The former has
been proposed to be due to a scattering halo (e.g., Kita-
moto, Miyamoto & Yamamoto 1989), or ionized absorber
models, in which the absorbing medium is sufficiently
ionized to reduce the soft X-ray absorption (e.g., Parmar



& White 1988, Marshall et al. 1993). We note that Ueda
et al. (1997) reported iron absorption lines during ASCA
out-of-dip spectra of GRO J1655—40 which suggests the
presence of highly ionized plasma. Alternatively, the low-
energy excess may be the result of accumulating spectra
over time scales longer than the intrinsic time scale for
variability during the dips (e.g., Parmar et al. 1986).

Our spectral fits indicate that during the dips the per-
sistent power-law component is absent. This suggests
that the region where the bulk of the X-rays originate is
not only subject to absorption, but that also the power-
law emitting region is blocked from our view. Interaction
of the inflowing gas stream from the secondary with the
outer edge of the disk may cause a thickening of the outer
edge and/or material above the disk in the expected 0.6-
0.0 phase range (e.g., Parmar & White 1988) and may
well cause this absorption and shadowing.

Recently, Greiner et al. (1996) showed that the Galatic
superluminal source GRS 19154105 had “dipping” be-
havior during its outbursts. The dipping activity in
GRS 19154105 is much more complex than that seen
in our observations of GROJ1655—40 and 4U 1630—47.
This dipping behavior has been proposed to be due to
thermal-viscous instabilities in the inner disk (Belloni et
al. 1997), and is therefore not related to the dipping be-
havior we see in GROJ1655—40 and 4U 1630—47.

4.3. GROJ1655-40

For GRO J1655—40 the system parameters have been
well determined (Orosz & Bailyn 1997, Van der Hooft et
al. 1997). In this system the time scales of the dips im-
poses constraints on the sizes of the different emitting and
absorbing media. The fall and rise time (t,,¢~3.5s) con-
strain the size of the region which is ”obscured”; in fact,
this gives an upper limit on the size, because the region
over which the column density increases significantly also
has a finite width (Leahy, Yoshida, & Matsuoka 1994).
The duration of the dips (t4;p~55 sec) constrains the size
of the absorbing medium itself.

Since t; s <tq4ip, we may assume that the absorbed X-
ray source is much smaller than the absorbing medium.
A medium which crosses a point-like central X-ray source
may produce irregular X-ray dips, whereas crossing an
extended region such as an accretion disk corona may
produce smoother and longer energy independent modu-
lations (e.g., Parmar & White 1988). If the medium coro-
tates in the binary frame and is located at a radius which
is smaller than the outer disk radius (r4~0.85Ry, [Orosz
& Bailyn 1997], where Ry, is the effective Roche lobe ra-
dius of the black hole) the upper limit on the size of the
X-ray emitting region is ~460 km. If the medium coro-

tates with matter in the accretion disk (i.e., with a Kepler
velocity), the upper limit becomes ~1600km. Similar
reasoning gives an approximate upper limit on the size
of the absorbing medium of ~3800km or ~37000km, in
the case of rotation within the binary frame or corotation
in the accretion disk.

If partial ionization of material in the disk causes the
low-energy excess during the dips, one can roughly esti-
mate the location of the absorbing material (e.g., Par-
mar et al. 1986). For the material causing the intensity
dips to be significantly ionized the ionization parameter
€ = L/nR? (where L is the central source luminosity,
n the gas density of the cloud and R the distance from
the central source to the clouds) must be larger than
~100ergscms™! (see Hatchett, Buff & McCray 1976).
Using a typical column density of ~100x10%2cm™2 at
the bottom of the dips, an out-of-dip luminosity of
L~3x10%7ergss™! (at a distance of 3.2kpc, Hjellming
& Rupen 1995), and following Parmar et al. (1986), we
derive that the material closer than ~3x 10° km from the
X-ray source will be significantly ionized. Assuming the
absorbing medium is more or less spherical and has a
fixed position in the binary system, one gets (e.g., Remil-
lard & Canizares 1984) £ = 27 Ltgip (Nu PoruR) ™1 > 100,
and therefore R<5000km. So, if ionization plays a role,
the absorbing medium should be located in the inner
part of the disk. Frank et al. (1987) suggested that the
low-energy excess is caused by scattering of X-rays in hot.
clouds which are the result of material from the accretion
stream which skimmed over the disk and formed a ring
near the central X-ray source. Ionization may generate.
a two-phase medium which produce the dips. The ex-
pected circularization radius of the ring of material in this
model is rather large for GRO J1655—40 (~1x 10 km) so
that material in this ring can not be easily ionized.
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Table 1: GROJ1655—40 dip occurrence times

Time dorb® Time $orb® Time dorb®
(JD—2450000)  (JD-2450000)  (JD—2 450000
205.0796 0.86 225.2172 0.73 487.4261 0.75
220.0827 0.78 225.2183 0.73 487.4909 0.78
220.0850 0.78 228.1535 0.85 505.9143b 0.81
222.6122 0.74 228.1546 0.85 505.9163> 0.81
222.8194 0.82 254.3466 0.85 555.7916 0.83
222.8205 0.82 280.2353 0.72 555.7927 0.83
222.8681 0.84 296.2989 0.85 565.9994 0.73
222.8692 0.84 314.4044 0.75

*Photometric orbital phase (Orosz & Bailyn 1997).
YRXTE PCA, see Sect. 3.1.

Table 2: Persistent emission: X-ray spectral fit results®

Source I Ny, , Tin Rin r Ap) x?, /dof
(ctss™1) (102 cm—?) (keV) (km) cm—? s"rkeV‘l)

GRO J1655—-40 10807 2.174+0.11 1.1104+0.002 24.74+1.0° 2.48+0.02 0.2940.01 1.6/54

4U 1630—-47 2759 12.3+0.3 1.27740.005 17.91+0.3° 3.6540.12 26+8 2.0/54

*Model: e~ Hint °(E)[APIE"’+DBB(T“,, Rin)], where Ny, is the interstellar absorption column density, E
the photon energy, and DBB = Disk Black-Body model.

bAssuming a distance of 3.2 kpc {(Hjellming & Rupen 1995) and inclination of 70° (Orosz & Bailyn 1997; Van
der Hooft et al. 1997).

“In units of 7:01 - dyo, where i is the inclination of the accretion disk and dio the distance in units of 10kpc.

Table 3: Dips: X-ray spectral fit results

power law + absorbed DBB*

dip® - ¥ Ap Nu Tin Rip© x2 fdof
(10?2 cm—2?) (cm~2s"1keV~!) (1022cm—2) {keV) (km)
GRO J1655—-40 2179 467,73 3475° 27¥ % 1.140.2 7r3°8 2.0/41
4U1630-47  12.3¢ 4.540.1 73110 34427 0.940.1 17.94 1.2/42
black body (BB} + absorbed DBB®
dip Ny, . Ton Ryy! Ny Tin Rin®  xZ/dof
(102 em=2)  (keV) (km) (102cm—2)  (keV) (km)
GRO J1655—40 2.179 0.60+0.04 3445 7975, 1.110.1 1577 1.4/41
4U1630-47  12.39 0.6040.03 49+6 76+37 14402 121! 1.6/41
partial covering absorption of DBB%
dip Nu,,, F Nu Tin Rin x2/dof
(1022 cm—?) (1022 cm—?) (keV) (km)
GROJ1655-40 2.179 0.985%0.007 19117 0.89+0.03 100£29  1.7/42
4U1630~47  5.7%1.0 0.9740.01 209177 1.19040.07 6713 1.9/

2Model: ¢~ VHins °TF) [ApE=7 + e~Nnuo( E)[DBB(Tin,}zin )]}, where ¢(E) the photo-electric absorption cross section.
YGRO J1655~40 dip: I=878ctss™!; 4U 1630—47 dip: T=860ctss~!,
“In the case of 4U 1630—47 in units of 71—= - dyg, see also Table 2.
(<-1X1
dParameter fixed to the persistent emission value.
Model: e~ "Hins 7 E)[BB(Ty,Ryp) + e~ N1 o(E)[DBB(Tin, Rin M-
fApparant black-body radius at 3.2 kpc (GRO J1655—40) or 10kpc (4U 1630—47).
SModel: e VHin "(E)[Fe‘NH o(B) 1 (1~ F))[DBB(Zin, Rin)], where F is the covering fraction.
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Fig. 1.— The light curves (upper panel) and hardness curves (lower panel) of GRO J1655—40 (left panel) and 4U 1630—-47
(right panel). Hardness is defined as the ratio of the count rates in the 5.0-13.0keV and 2.0-5.0keV bands. The time
resolution in all panels is 0.25s, except for the lower right panel where it is 0.5s. T=0s corresponds to 1997 May 3,
21:22:21 UTC for GROJ1655—40 and 1996 Feb 26, 20:48:46 UTC for 4U 1630—47.
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Fig. 2.— Upper panel: hardness-intensity diagrams for GRO J1655—40 (0.25s time resolution; left) and 4U 1630—47
(0.5s time resolution; right), where hardness is defined as in Fig. 1. The line through the data points corresponds to a
simple model of the X-ray spectra as described in the text. Lower panel: ratio of the count rates in the 8.7-13.0keV and
2.0-5.0keV bands ("hard hardness”) versus the ratio of the count rates in the 5.0-8.7keV and 2.0-5.0keV bands (7 soft
hardness”) for GRO J1655—40 (left) and 4U 1630—47 (right). The data points (1s averages) are given by open circles.
The upper left dashed line is for the power-law component, whereas the lower right dashed line is for the disk black-body
component. The line through the data points corresponds to a simple model of the X-ray spectra as described in the text.
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Fig. 3.— RXTE ASM lightcurve of GRO J1655—40 of data from individual dwells of ~90 s from 1996 Feb 21 (JD 2450 135)
to 1997 Jun 19 (JD 2450618). Datapoints separated by <2d have been connected to guide the eye. Clearly, deep sharp

dips can be seen. The arrows at the bottom denote the dips used in the text. Indicated is also the time of the dips
observed with the PCA.






